Treating neuropathic pain is a major clinical challenge, and the underlying mechanisms of neuropathic pain remain elusive. We hypothesized that neuropathic pain-inducing nerve injury may elicit neuronal alterations that recapitulate events that occur during development. Here, we report that WNT signaling, which is important in developmental processes of the nervous system, plays a critical role in neuropathic pain after sciatic nerve injury and bone cancer in rodents. Nerve injury and bone cancer caused a rapid-onset and long-lasting expression of WNTs, as well as activation of WNT/frizzled/β-catenin signaling in the primary sensory neurons, the spinal dorsal horn neurons, and astrocytes. Spinal blockade of WNT signaling pathways inhibited the production and persistence of neuropathic pain and the accompanying neurochemical alterations without affecting normal pain sensitivity and locomotor activity. WNT signaling activation stimulated production of the proinflammatory cytokines IL-18 and TNF-α and regulated the NR2B glutamate receptor and Ca 2+ -dependent signals through the β-catenin pathway in the spinal cord. These findings indicate a critical mechanism underlying the pathogenesis of neuropathic pain and suggest that targeting the WNT signaling pathway may be an effective approach for treating neuropathic pain, including bone cancer pain.
Introduction
WNTs are a family of secreted lipid-modified signaling proteins acting as short-or long-range signaling molecules in the regulation of cellular processes such as proliferation, differentiation, migration, and cell polarity during the development of nervous systems as well as cardiac differentiation and development (1, 2) . A total of 19 members of the human WNT family have been identified. WNT ligands bind to the cysteine-rich domain frizzled (FZ) receptors and FZ coreceptors to activate intracellular signaling cascades. Typical WNT signaling pathways include canonical WNT/β-catenin pathways and noncanonical β-catenin-independent pathways (1, (3) (4) (5) (6) (7) . β-Catenin is a multifunctional protein that interacts with transcription factors to activate target gene transcription. The noncanonical β-cateninindependent pathways include the release of intracellular calcium and subsequent activation of calcium-calmodulin-dependent kinase (CaMKII) (3, 4) . WNTs are expressed in the brain and play critical roles in various nervous system developmental processes (1, 2) and in regulating synaptic plasticity (2, 4, 8) . Dysregulation of WNT signaling may be an etiological cause for poor postinjury axon regeneration, oncogenic processes, and certain mental disorders (9) (10) (11) (12) .
Treatment of neuropathic pain (NP), which is caused by direct nerve injury such as trauma or other forms of stress such as bone cancer, continues to be a major clinical challenge. It is of clinical importance to determine the mechanisms underlying NP as well as to develop medications that can treat it. Despite decades of investigation and numerous implicated processes, the specific cellular and molecular mechanisms underlying NP remain elusive, and clinical approaches for treating NP are limited. We hypothesized that NP-inducing nerve injury may elicit neuronal alterations that recapitulate events that occur during development. WNT signaling, which is important in the developmental processes of the nervous systems, might be critical to NP development after nerve injury and bone cancer. Bone cancer pain is one of the most common symptoms presented by patients with primary bone sarcomas and predominantly occurs as distant metastases of non-bone cancer. Mechanisms of bone cancer pain may involve a combination of NP and inflammatory pain (IP). We examined roles of WNTs and WNT signaling pathways in the pathophysiology of NP using a well-characterized rat model of chronic constriction injury (CCI) of the sciatic nerves (13) and a mouse model of bone cancer pain induced by tumor cell implantation (TCI) (14, 15) . As a comparison, inflammatory pain produced by complete Freund's adjuvant (CFA) treatment (16, 17) was also tested. The results show that CCI and TCI treatments, respectively, increase expression of WNTs in the dorsal root ganglia (DRG) and spinal cord (SC) and activate WNT/ FZ8/β-catenin signaling pathways in the SC. Alterations of these molecules may contribute to the development of NP after CCI and TCI. Spinal blockade of WNT signaling prevents the production and persistence of mechanical allodynia and thermal hyperalgesia after CCI and TCI. WNT signaling in the SC may contribute to NP by stimulating the production of proinflammatory cytokines IL-18 and TNF-α through the WNT/FZ/β-catenin pathway.
that CCI produced a rapid-onset (within 1 day) and long-lasting (greater than 21 days) increase in the expression of WNT3a protein in DRG and SC. In DRG, WNT3a peaked at 1 to 7 days, started decreasing from 7 days, and recovered to the control level at 21 days after CCI ( Figure 1A ). In SC, WNT3a was maintained at a high level from 1 to 21 days, the last examination day, after CCI ( Figure 1B) . mRNA levels of the 19 members of the WNT family in the SC were also detected by RT-PCR and some by RT-PCR and quantitative RT-PCR (qRT-PCR). Wnt3a, Wnt1, Wnt2, Wnt4, Wnt5b, and Wnt8b were continuously or temporally increased, while the others were slightly decreased or unchanged 1-10 days after CCI (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI65364DS1). These results indicate that WNT3a may be initially increased in both DRG and the SC. WNT3a in the SC may originate from the SC and be released from central terminals of DRG neurons.
We then examined distributions of WNT3a in subpopulations of DRG and the dorsal horn (DH) neurons. In DRG, the increased WNT3a protein immunoreactivity was distributed in the 3 categories of neurons: large-sized, medium-sized, and small neurons.
However, strong staining of WNT3a was predominantly distributed in the nociceptive small-and medium-sized neurons (χ 2 test, P < 0.01) ( Figure 1C and Supplemental Figure 2A ). In the small neurons, strong staining of WNT3a was more significantly colocalized with the peptidergic calcitonin gene-related peptide (CGRP) and less so with the nonpeptidergic isolectin B4 (IB4) nociceptive neurons ipsilateral to the CCI (χ 2 test, P < 0.01) (Figure 1C and Supplemental Figure 2B ). After nerve injury, it is recognized that the hypersensitized, large-sized fibers may contribute to the development of allodynia, while the small and medium-sized fibers contribute to hyperalgesia. Thus, the increased expression and distribution of WNT3a in the small and medium-sized, as well as the large-sized DRG neurons after CCI may support our hypothesis that WNT3a contributes to the development of both hyperalgesia and allodynia. In the SC, the increased WNT3a protein immunoreactivity was distributed predominantly in the superficial layers (laminae I-II) of the DH ipsilateral to the CCI. WNT3a immunoreactivity was colocalized greatly with neuronal somata (NeuN) and dendrites (MAP2), as well as with astrocytes (GFAP), but not with microglial cells (IBA1) ( Figure 1D ). WNT3a
Figure 2
Expression and cellular distributions of FZ1 and FZ8 receptor protein in rat SC after CCI. (A) Western blot analysis showing time course for the expression of FZ1 and FZ8 proteins (n = 5). Representative bands are shown on the top; data summary is shown on the bottom. One-way ANOVA, *P < 0.05, **P < 0.01 versus sham. (B and C) Immunofluorescence showing expression and distribution of FZ1 and FZ8 (green) in the DH (B) and their colocalization with neuronal somata (NeuN, red), dendrites (MAP2, red), and astrocytes (GFAP, red), as well as microglial cells (IBA1 red) in the superficial DH ipsilateral to the CCI (C). Tissues were collected on day 1 for FZ1 and day 7 for FZ8 (B and C), respectively, after CCI. Original magnification, ×100 (B), ×200 (C), and ×400 (insert in C).
immunoreactivity was also found to be increased after CCI in both CGRP and IB4 nociceptive terminals within the DH ( Figure 1E ), which further confirmed WNT3a expression in the small DRG neurons (see Figure 1C ). These results demonstrate that WNT signaling was broadly activated in the nociceptive pathways in DRG neurons as well as in DH neurons and astrocytes after CCI.
Released WNTs from the primary afferent terminals and the DH bind to their FZ receptors in the postsynaptic neurons and activate intracellular signaling cascades. After CCI, the expression of FZ receptor family members FZ1 and FZ8 in the SC was significantly and rapidly increased within 1 day, lasting for 5 days for FZ1, and up to 21 days for FZ8 ( Figure 2A ). Increased levels of Fz1, Fz8, as
Figure 3
Alteration and distribution of immunofluorescence staining of FZ8 protein in rat DRG cells after CCI. (A) Examples of FZ8 immunostaining in sham-operated and CCI-treated DRG. Original magnification, ×200. Mean immunofluorescence intensity (right). "CCI (1 d)" and "CCI (14 d)" represent 1 day and 14 days, respectively, after CCI treatment. One-way ANOVA, **P < 0.01 versus sham. (B) Proportion of cells with FZ8 nuclear transport. No nuclear transport was seen in sham DRG. In CCI-treated DRG, nuclear transport was primarily seen in the small cells. X 2 test, P < 0.01, small versus medium-sized (CCI 14 d) and large-sized cells (CCI 1 d and CCI 14 d); P < 0.05 small versus medium-sized and mediumversus large-sized cells on CCI day 14. Example of confocal images showing FZ8 nuclear transport on CCI day 14, but not in sham DRG (right). FZ8 nuclear transport was seen mostly in the small and medium-sized neurons (arrowheads) and a small amount was seen in the large-sized neurons (arrow). (C) FZ8 nuclear transport in CGRP-and IB4-positive cells. Tissues were collected on CCI day 14. Examples of confocal images (left). Arrowheads indicate CGRP-and IB4-positive cells with FZ8 nuclear transport. Data summary is shown on the right. FZ8 nuclear transport predominantly occurred in the CGRP-positive, but not in the IB4-positive small cells (X 2 test, P < 0.01). Scale bars: 50 μm (B and C).
well as Fz3, Fz4, Fz5, and Fz10 mRNAs were also detected in the SC at different time points after CCI (Supplemental Figure 3 ). The increased immunoreactivity of FZ1 and FZ8 in the DH was predominantly distributed in the superficial layers of the DH (laminae I-III) ipsilateral to the CCI ( Figure 2B ). FZ1, which increased over 1 to 5 days, was colocalized with neurons and dendrites, but not with astrocytes or microglial cells ( Figure 2C and Supplemental Figure 4A ). Increased FZ8 over 1 to 21 days was colocalized with neurons and dendrites, substantially so with astrocytes, but not with microglial cells ( Figure 2C and Supplemental Figure 4B ). These results indicate that after CCI, both FZ1 and FZ8 receptors in the DH neurons were activated in the early phase. However, in the late phase, only FZ8 was persistently activated -moderately in neurons and substantially in astrocytes.
Given that CCI caused a substantial increase of WNT3a in DRG and the DH, as well as FZ receptors in the DH, we continued to investigate possible alterations of FZ receptor expression and distribution in the presynaptic DRG somata following CCI treatment, although WNTs released from the primary afferent terminals and the DH neurons bind to their FZ receptors in the postsynaptic neurons in the DH and activate intracellular signaling cascades. The results showed that FZ8 was expressed at low immunofluorescence intensity in the sham-operated DRG cells and was greatly increased in the nerve-injured DRG examined at 1 and 14 days after CCI . CCI also caused large amounts of FZ8 nuclear transport. FZ8 nuclear transport occurred with significantly greater abundance in the small and medium-sized neurons (~80%) compared with the large-sized neurons (~20%) (χ 2 test, P < 0.01) ( Figure 3B ). In the small neurons, FZ8 nuclear transport was predominantly seen in the CGRP-positive (~60%) neurons, with a few in the IB4-positive (~15%) neurons (χ 2 test, P < 0.01) ( Figure 3C ). In contrast, FZ1 expression, which was at a low level in sham-operated DRG, was not significantly changed by CCI treatment (Supplemental Figure 5 ). FZ1 expression was distributed evenly in the 3 categories of DRG neurons as well as in the CGRP-and IB4-positive small neurons. FZ1 nuclear transport was not observed in any of the cells examined (Supplemental Figure 5 , A and C). In addition, FZ8, but not FZ1, was expressed in certain satellite glial cells that mostly surround the large-sized neurons; these FZ8 colocalized satellite glial cells showed no glial nuclear transport (Supplemental Figure 6 ). These results suggest that WNTs may function through FZ8, but not FZ1, in DRG neurons following nerve injury.
Binding of the released WNTs to the FZ receptors causes activation of WNT/β-catenin signaling in the postsynaptic neurons. Cytoplasmic β-catenin accumulates and is eventually imported into the nucleus, where it serves as a transcriptional coactivator of T cell factor/lymphocyte-enhancer factor (TCF/LEF) family transcription factors (3, 4, 18) . CCI caused a rapid-onset (within 1 day) and long-lasting (21 days, the last examination day) increase in both phosphorylated and dephosphorylated active β-catenin expression in the SC ( Figure 4A ). This increased expression of active β-catenin was also significantly increased in the nuclear protein ( Figure 4B ). Confocal images further show that CCI induced increased expression of active β-catenin and its transportation into the cellular nucleus in the superficial DH ( Figure 4C ). These results indicate that CCI treatment can activate the WNT/ FZ/β-catenin signaling pathway in the SC. However, in DRG, CCI treatment caused neither alteration of β-catenin expression nor β-catenin nuclear transport (Supplemental Figure 7A , far left column), indicating that WNT signaling activity does not result in the activation of β-catenin. These results suggest that, after nerve injury, WNT signaling may function in a β-catenin-independent pathway in presynaptic DRG neurons, unlike in the SC.
CCI-induced mechanical allodynia and thermal hyperalgesia have been well characterized and are detectable approximately 3 days after CCI. An example of CCI-induced mechanical allodynia is shown in Figure 4D . After CCI, WNT3a, FZ8, and β-catenin expression in the SC was significantly increased within 1 day (see Figure 1A , Figure 2A , and Figure 4A ), and as early as under 6 hours for WNT3a, β-catenin, and active β-catenin (Supplemental Figure  8 ). These WNT signals were activated up to 3 days earlier than the detectable starting point of CCI-induced behaviorally expressed NP, suggesting that these WNT signals may contribute to the production of NP. The rapid-onset expression of WNT3a, FZ8, and β-catenin in the SC lasted for 14 to 21 days, the last day examined (see Figure 1 , A and B, Figure 2A , and Figure 4A ), and was well correlated with the time course for changes in pain behaviors after CCI, suggesting that WNT3a/FZ8/β-catenin signaling in the SC may contribute to the persistence of NP. In contrast, FZ1 expression was rapidly, but transiently, upregulated over the course of 1 to 5 days after CCI, and quickly recovered, suggesting that FZ1 activation may be correlated with or contribute to the production, but not the persistence, of NP.
TCI increases expression of WNTs and activates WNT/FZ/β-catenin pathways. Given that WNT expression was increased and WNT/FZ/βcatenin signaling pathways were activated after CCI treatment, we examined whether WNT/FZ/β-catenin signaling pathways could also be activated after TCI treatment, which caused bone cancer and the subsequent bone cancer pain in animals that mimics the intrac-table cancer pain in patients. Our Western blot analysis showed that after TCI treatment and during the development and persistence of bone cancer pain, the expression of WNT3a was rapidly and significantly increased in the ipsilateral SCs of the experimental mice. The increase in WNT3a expression started on day 5, peaked at 7 to 14 days, and was maintained at a high level until the last examination on day 21 ( Figure 5A ). The increased WNT3a protein immunoreactivity was distributed predominantly in the superficial layers of the DH (laminae I-II) ipsilateral to the TCI site. WNT3a immunoreactivity was colocalized with neuronal somata and dendrites, astrocytes, and occasionally in small amounts with microglial cells ( Figure 5B ). Similarly to WNT3a, expression in the SC of the WNT receptor FZ8, as well as phosphorylated β-catenin and dephospho- rylated active β-catenin, was significantly increased in a time-related pattern following TCI treatment ( Figure 5C ). Unlike WNT3a, FZ8, and β-catenin, the increased expression of FZ1 started at 7 days, approximately 2 days later than that of WNT3a, FZ8, and β-catenin, and persisted as long as the expression of WNT3a, FZ8, and β-catenin ( Figure 5C ). Such a pattern of FZ1 expression after TCI was also different from that observed after CCI, where FZ1 was rapidly onset (within 1 day) and quickly recovered (within approximately 5 days). This suggests the complexity of FZ1 in response to different forms of stressful stimulation.
TCI-induced bone cancer pain in mice, manifested as mechanical allodynia and thermal hyperalgesia, became detectable at 7 days and lasted for at least 21 days, the last day examined, after TCI treatment ( Figure 5D ). Alterations of WNT3a, FZ8, and β-catenin expression in the SC occurred approximately 2 days prior to the onset of bone cancer pain and persisted until day 21 (see signaling may contribute to the production and persistence of bone cancer pain. However, FZ1 expression was increased until cancer pain behaviors were detected, suggesting that FZ1 may not contribute to the production of bone cancer pain.
CFA treatment results in a delayed upregulation of WNTs, FZ8, and β-catenin. Mechanisms underlying NP and IP are different and those underlying bone cancer pain may involve a combination of NP and IP. Given that the expression of WNTs and WNT/FZ/βcatenin signaling was greatly increased after CCI and TCI treatment, respectively, we examined possible changes in WNTs and WNT/FZ/β-catenin signaling pathways following CFA-induced acute peripheral inflammation. After CFA injection, the expression of WNT3a in the SC was not significantly altered at the examined points at 2, 6, and 12 hours. The detectable, increased expression of WNT3a started at 24 hours and maintained its high level through 48 and 72 hours ( Figure 6A ). The increased WNT3a protein immunoreactivity was distributed predominantly in the superficial layers of the DH ipsilateral to the CFA treatment. WNT3a immunoreactivity was greatly colocalized with neuronal somata, dendrites, and astrocytes, but not with microglial cells ( Figure 6B ). Following CFA injection, expression in the SC of the WNT receptor FZ8, as well as phosphorylated β-catenin and dephosphorylated active β-catenin, was significantly increased in a time-related pattern, which was similar to that of WNT3a. In contrast, FZ1 expression was not altered ( Figure 6C ). Note that CFA-induced expression of WNT3a, FZ8, and β-catenin occurred approximately 24 hours (1 day) after, not prior to, the onset of CFA-induced behaviorally expressed mechanical allodynia, which developed within 1 hour of CFA injection (the first test) and lasted at least 72 hours ( Figure 6D ). These results suggest that the increased WNT/FZ8/β-catenin signaling is the result of, but not the reason for, CFA-induced IP. Thus, WNT signaling does not seem to contribute to the production of IP.
Blocking WNT signaling suppresses the induction and persistence of NP after CCI and TCI, but not the induction of IP after CFA. NP is characterized by behavioral signs of mechanical allodynia and thermal hyperalgesia -neurochemical signs of c-Fos induction -as well as activation of astrocytes and microglial cells and increased expression of the NMDA receptor and subsequent Ca 2+ -dependent sig-nals in the DH. To determine the role of WNT signaling in NP, we used 5 drugs that inhibit WNT signaling pathways via different mechanisms: (a) IWP-2, a WNT production inhibitor (19) ; (b) Fz-8/Fc, a WNT scavenger (20) ; (c) niclosamide (Nsm); and (d) IWR-1-endo (IWR) (both Nsm and IWR were inhibitors of the WNT/FZ/β-catenin pathway) (21) . With the goal of targeting the WNT signaling pathway in the SC, the drugs were delivered into the spinal fluid by intrathecal (i.t.) administration (in a volume of 20 μl in rats and 10 μl in mice).
In CCI rats, repetitive administration of each of the following drugs: IWP-2 (20 μM), Fz-8/Fc (4 μg), Nsm (1 mM), and IWR (5 μM) in the early phase (daily for 3 consecutive days, starting 30 minutes before surgery), significantly delayed production of mechanical allodynia for 2 to 14 days ( Figure 7, A and B) . The same drugs administrated in the late phase (on postoperative days 7, 8, and 9) produced long-lasting inhibitory effects on the established mechanical allodynia. Such analgesia lasted 4-6 days (IWP-2 and Fz-8/Fc) or 2-4 days (Nsm and IWR) after termination of the third treatment (Figure 7 , C and D). A single treatment of each of these drugs 7 days after CCI produced a transient, significant inhibition of the established mechanical allodynia for 12 to 24 hours (Supplemental Figure 9 ). Our results showed similar inhibitory effects of these treatments on thermal hyperalgesia after CCI treatment (Supplemental Figure 10) . Conversely, i.t. delivery of WNT agonist (20 and 40 μM), an exogenous, selective activator of WNT signal- A and B) and an individual Student's t test (C and D) was used to test the specific difference between the drug-treated group and its control groups (A and B) , and between the data point before drug administration and each of the data points after drug administration (C and D). **P < 0.01 versus saline + DMSO. ## P < 0.01 versus CFA + DMSO, CFA + human Fc, and/or the 24-hour data point before drug administration.
that alteration of IL-18 and IL-18R activity in the SC after CCI is regulated by WNT signaling activation, and that WNT signaling can directly regulate IL-18 and its receptor IL-18R.
After WNT ligands bind to FZ receptors, intracellular β-catenin is stabilized by inactivation of the β-catenin degradation complex. β-Catenin is then translocated to the nucleus in order to activate TCF/LEF transcription factors that bind to the WNT target gene promoter regions and to initiate the transcription of WNT-responsive genes (3, 4, 27) . To determine whether the β-catenin/TCF/LEF complex binds in vivo to the IL-18 promoter, we performed a ChIP assay with specific primer pairs encompassing the TCF-binding site. Our ChIP assay showed that an anti-β-catenin antibody precipitated chromatin DNA containing IL-18 promoter sequences ( Figure 11E ). This finding supports the claim that β-catenin formed a transcriptional complex with TCF/LEF at the IL-18 promoter regions. β-Catenin and IL-18 overlap in the DH is further shown by confocal images ( Figure 11F ).
We also examined the activity of proinflammatory cytokines TNF-α and IL-1β and the process by which WNT/β-catenin activation could regulate them. CCI significantly increased mRNA and protein expression levels of both TNF-α and IL-1β in the SC ( Figure  12, A and B ). Repetitive i.t. administration of Fz-8/Fc (4 μg), IWR (5 μM), and Nsm (1 mM), respectively, significantly inhibited CCI-induced upregulation of TNF-α, but not IL-1β ( Figure 12C ). Conversely, i.t. exogenous WNT agonist (40 μM) increased the expression of TNF-α, but not IL-1β ( Figure 12D ). The ChIP assay further showed that an anti-β-catenin antibody precipitated chromatin DNA containing promoter sequences of TNF-α ( Figure 12E ), but not those of IL-1β ( Figure 12F ). These findings support the claim that β-catenin formed a transcriptional complex with TCF/LEF at TNF-α, but not at IL-1β, promoter regions.
Furthermore, spinal blockade of IL-18 and IL-18R with IL-18binding protein (IL-18BP, i.t., 1 μg) and IL-18R antibody (anti-IL-18R, 2 μg), respectively, significantly suppressed CCI-and WNT agonist-induced mechanical and thermal hypersensitivity ( Figure  13 ). Taken together, these findings strongly support the idea that activation of WNT/β-catenin signaling may induce NP through regulating proinflammatory cytokines, including IL-18 and TNF-α.
Discussion
Our study reveals a critical role for WNT signaling in the production and persistence of NP after nerve injury and bone cancer. NP-inducing nerve injury and bone cancer, respectively, activate WNT signaling, which may contribute to NP by regulating proinflammatory cytokines IL-18 and TNF-α, as well as NR2B and subsequent Ca 2+ -dependent signals in the DH. The principle findings are 4-fold: (a) Nerve injury (CCI treatment) and bone cancer (TCI treatment), respectively, cause rapid-onset and long-lasting activation of the WNT/FZ8/β-catenin signaling pathway in DH neurons and astrocytes. However, in DRG neurons, WNTs may function through FZ8 nuclear transport and/or other β-catenin-independent pathways. CFA treatment-induced inflammation results in delayed activation of the WNT3a/FZ8/β-catenin pathway, which occurs after the onset of behaviorally expressed pain. (b) Spinal blockade of WNT signaling pathways inhibits the production and persistence of CCI-induced NP and TCI-induced bone cancer pain without affecting normal pain sensitivity or locomotor activity. Thus, WNT3a/FZ8/β-catenin signaling activation may contribute to the development and maintenance of CCI-and TCI-induced NP. In contrast, spinal blockade of ing, caused rapid-onset (within 2 hours) and long-lasting (greater than 12 hours) mechanical and thermal hypersensitivity in naive rats (Figure 7 , E and F). CCI-induced induction of c-Fos and activation of astrocytes and microglial cells were greatly suppressed by repetitive i.t. administration of IWP-2 (20 μM) ( Figure 8, A and B) . CCI-induced activation of the NMDA receptor subtype NR2B and subsequent Ca 2+ -dependent signals CaMKII, Src/Tyr418, pPKCγ, ERK, and cAMP response element-binding protein (CREB) (22, 23) in the SC was also greatly suppressed by i.t. delivery of Fz-8/Fc (4 μg) (Figure 8, C and D) . These results demonstrate that inhibition of WNT production and WNT/β-catenin signaling can prevent and suppress the production and persistence of CCI-induced NP, as well as the accompanying neurochemical sign alterations, the NR2B receptor, and the subsequent Ca 2+ -dependent signals within the SC pain pathways. These findings indicate an essential role of WNT signaling in NP development.
Drug doses were chosen based on the specific drug's EC 50 or IC 50 , the limited previous reports (19) , and our preliminary experiments (an example is given in Supplemental Figure 11A ). Neither of these drugs significantly altered normal pain thresholds (Supplemental Figure 11 , B and C) or locomotor activity (Supplemental Figure  12 ) in naive rats, and neither resulted in obvious side effects or animal death.
Mice that received TCI exhibited mechanical allodynia and thermal hyperalgesia (Figure 9 , A-D), spontaneous pain manifested as guarding and flinching, as well as movement-evoked pain manifested as palpation guarding and reduced limb use (Figure 9 , E-H). The production and persistence of these bone cancer pain-related behaviors were greatly suppressed by daily i.t. administration of IWP-2 (20 μM) and Fz-8/Fc (2 μg) in the early phase (postoperative days 3, 4, and 5) ( Figure 9, A and B ) and the later phase (postoperative days 7, 8, and 9) (Figure 9 , C-H), respectively.
Unlike CCI-or TCI-induced NP, the production of CFA-induced (100 μl, s.c.) mechanical allodynia and thermal hyperalgesia in rats was not inhibited by IWP-2 (20 μM) and Fz-8/Fc (4 μg) (i.t. delivery 60 minutes prior to CFA injection), respectively ( Figure 10 , A and B). Meanwhile, CFA-induced ongoing pain was reduced by IWP-2 (20 μM) and Fz-8/Fc (4 μg) (i.t., 24 hours after CFA injection), respectively ( Figure 10 , C and D). These findings indicate that blocking WNT signaling pathway activation can suppress the production and persistence of NP induced by CCI and TCI, respectively, but not IP induced by CFA.
Activation of WNT/β-catenin signaling regulates the production of IL-18 and TNF-α. To define the mechanisms by which WNT signaling induces NP, we first examined the activity of the proinflammatory cytokine IL-18 and its receptor IL-18R and the process by which WNT/β-catenin activation could regulate these cytokines in the SC. These cytokines are important regulators of innate and acquired immune responses and are essential for the generation of NP (24) (25) (26) . The CCI rat model was used in this study. After CCI, mRNA and protein expression levels of IL-18 and IL-18R in the SC were rapidly (within 1 day) and greatly increased, lasting at least 21 days until final detection ( Figure 11, A and B) . Repetitive i.t. administration of WNT signaling and WNT/FZ/β-catenin pathway inhibitors Fz-8/Fc (4 μg), IWR (5 μM), and Nsm (1 mM), respectively, significantly inhibited CCI-induced upregulation of IL18 and IL18R, as well as β-catenin and active β-catenin ( Figure 11C ). Conversely, i.t. delivery of exogenous WNT agonist (40 μM) caused a rapidly increased (within 2 hours) expression of IL18 and IL18R, as well as β-catenin and active β-catenin ( Figure 11D ). These results indicate vation of astrocytes and microglial cells, as well as activation of NR2B and the subsequent Ca 2+ -dependent signals in the DH. This further confirms the importance, after nerve injury, of WNT3a/ FZ8/β-catenin signaling in signal transduction and synaptic plasticity alterations, which are essential to SC central sensitization. or SC contusion injury (32) . Here, we show that peripheral nerve injury and bone cancer can cause dramatic and time-dependent changes in the physiological pattern of mRNA and/or protein expression of WNTs and WNT-binding receptors. The early and later induction of WNT and WNT-binding Fz receptor genes suggest that each of the specific subtypes may function at different stages after nerve injury. WNT3a is a well-characterized activator of β-catenin-dependent canonical and noncanonical pathways and is broadly studied in the development and regeneration of nervous systems (2, 3, 5, 11, 12). Our results indicate a rapid-onset and long-lasting increased expression of WNT3a in DRG and/or production and persistence by stimulating production of proinflammatory cytokines IL-18 and TNF-α through the β-catenin pathway. We believe that these findings may support a new mechanism underlying NP and a new therapeutic opportunity for its treatment after nerve injury and bone cancer.
WNTs are known to be important for various developmental processes. Studies have demonstrated the dysregulation of WNT signaling in certain diseases and disorders, e.g., WNT signaling is upregulated in schizophrenic brains (28) and downregulated in brains with Alzheimer disease (29, 30) . Expression of many WNT signal-related genes can be altered following cocaine exposure (31) and expression of the FZ receptor genes and proteins in the DH neurons, both FZ1 and FZ8 receptors were activated in the early phase (1-5 days). However, in the late phase (7-21 days), only FZ8 was substantially and persistently activated in both neurons and astrocytes. Meanwhile, active β-catenin was rapidly and persistently increased in both cellular plasma and nuclei (nuclear transport). These findings support the idea that activation of both FZ1 and FZ8 may contribute to WNT-mediated production of NP, while only FZ8 contributes to WNT-mediated persistence of NP. Interestingly, in DRG neurons, CCI causes substantial upregulation of FZ8 expression and FZ8 nuclear transport mostly in small and medium-sized neurons, particularly CGRP-positive neurons, without altering FZ1 and β-catenin expression. These findings suggest that, in the presynaptic DRG neurons, WNTs may function through FZ8 nuclear transport (35) and/or other β-catenin-independent pathways after nerve injury. How WNTs and FZ8 nuclear transport in DRG contribute to the development of NP needs to be further investigated. In addition, FZ1 expression exhibits different patterns following CCI, TCI, and CFA treatment in DRG and SC. FZ1 in SC may contribute to the production of NP in a CCI model, but not to the development of pain in TCI and CFA models.
Activation of WNT/β-catenin signaling in postsynaptic neurons causes cytoplasmic β-catenin accumulation. Such accumulated β-catenin is eventually imported into the nucleus, where it serves as a transcriptional coactivator of TCF/LEF family transcription factors (3, 4, 18) . In this study, we show that both nerve injury and bone cancer stimulation may cause rapid-onset and long-lasting activation of WNT/β-catenin signaling pathways in DH neurons. This upstream activation of β-catenin is triggered the DH after nerve injury and bone cancer. The greatly increased expression of WNT3a occurs prior to the onset of behaviorally expressed pain after nerve injury and bone cancer, respectively, and persists with the ongoing pain behaviors. Spinal blockade of WNT signaling can inhibit the production and persistence of CCI-induced NP and TCI-induced bone cancer pain, the accompanying induction of c-Fos and activation of astrocytes and microglial cells, as well as the activation of NR2B and the subsequent Ca 2+ -dependent signals. These findings support the idea that WNTs, such as WNT3a, may be among the important proteins that are activated by nerve injury and other forms of stress such as bone cancer, and are thus involved in pain development. However, in the CFA-induced IP model, a significantly delayed upregulation of WNT3a (at 24 hours after CFA treatment versus 6 hours after CCI) occurs after, but not prior to, the onset of behaviorally expressed pain (within 2 hours after CFA treatment). Spinal blockade of WNT signaling does not alter the induction of CFA-induced IP. From the findings in these 3 models -CCI, TCI, and CFA -we conclude that WNT signaling plays a specific and essential role in pain production and persistence after nerve injury and bone cancer. The delayed activation of WNT signaling following CFA injection is secondary to the persistent IP and is not a reason for CFA-induced pain production, but such delayed WNT signaling activation does facilitate the ongoing IP.
Binding of the released WNTs to their receptors can activate different intracellular signaling pathways. WNT ligands bind to the cysteine-rich domain FZ receptors and activate the canonical WNT/β-catenin pathway (33, 34) . β-Catenin is a multifunctional protein that interacts with transcription factors to activate target gene transcription. Among the nerve injury-induced induction 
Methods
Animals, anesthesia, drugs, and drug administration. We purchased adult male Sprague-Dawley rats (200-220 g body wt) from Charles River Laboratories and mice (C3H/HeJ, 20-25 g body wt) from The Jackson Laboratory. All surgeries were performed under anesthesia with sodium pentobarbital (50 mg/kg, i.p.). We purchased IWP-2, IWR, and WNT agonist from EMD Chemicals; Nsm and DMSO from Sigma-Aldrich; Fz-8/Fc and control IgG from R&D Systems; and human Fc from The Jackson Laboratory. The drug doses were selected on the basis of previous reports and our preliminary experiments. The drugs were delivered i.t. (in a volume of 20 μl in rats and 10 μl in mice) into cerebral spinal fluid through lumbar puncture.
CCI. We used a rat model of CCI in this study to produce peripheral nerve injury. The left common sciatic nerve of each rat was exposed at the mid-thigh level. The area proximal to the sciatic nerve's trifurcation was freed of adhering tissue, and 4 ligatures (4-0 surgical catgut) were tied loosely around it with approximately 1 mm between ligatures. Animals in the sham group received surgery identical to that described in CCI, but without nerve injury.
TCI. To produce bone cancer and bone cancer pain, a mouse model of TCI was used. Experiments were performed on adult male C3H/HeJ mice. The protocol of tumor cell injection was similar to that described previously (14, 15) . In brief, under anesthesia, a 0.5-cm rostrocaudal incision was made in the skin overlying the top half of the tibia after disinfection with 75% v/v ethanol. Tumor cells (2 × 10 5 ; NCTC 2472; ATCC) in 5 μl of αMEM or 5 μl αMEM alone (sham) were injected into the intramedullary space of the right tibia. The injection site was closed using bone wax while the syringe was removed. The wound was dusted with penicillin powder and then closed.
Assessment of mechanical allodynia and thermal hyperalgesia. Mechanical allodynia was determined by measuring the incidence of foot withdrawal in response to mechanical indentation of the plantar surface of each hindpaw using a sharp, cylindrical probe with a uniform tip diameter of approximately 0.2 mm (ALMEMO 2390-5 Electronic von Frey Anesthesiometer; IITC Life Science). The probe was applied to 6 designated loci distributed over the plantar surface of the foot. The minimal force (in grams) that induced paw withdrawal was read off the display. The threshold of mechanical withdrawal in each animal was calculated by averaging the 6 readings, and the force was converted into millinewtons (mN). Thermal hyperalgesia was assessed by measuring foot withdrawal latency to heat stimulation. An analgesia meter (IITC Model 336 Analgesia Meter, Series 8; IITC Life Science) was used to provide a heat source. In brief, each animal was placed in a box containing a smooth, temperature-controlled glass floor. The heat source was focused on a portion of the hindpaw, which was flush against the glass, and a radiant thermal stimulus was delivered to that site. The stimulus shut off when the hindpaw moved (or after 20 seconds to prevent tissue damage). The intensity of the heat stimulus was maintained constant throughout all experiments. The elicited paw movement occurred at latency between 9 and 14 seconds in the control animals. Thermal stimuli were delivered 3 times to each hindpaw at 5-to 6-minute intervals. For the results expressing mechanical allodynia or thermal hyperalgesia, the values are the mean of the ipsilateral feet. For the results expressing i.t. WNT agonist-induced thermal and mechanical hypersensitivity, the values represent the mean of both feet of the rat. The protocols used for determining the pain-related behaviors are similar to those we have previously described (38, 49, 50) .
Assessment of spontaneous and movement-evoked pain-like behaviors. Bone cancer pain in TCI mice was evaluated by measuring the spontaneous and movement-evoked pain-like behaviors, in addition to the mechanical allodynia and thermal hyperalgesia described in the last paragraph. Spontaneous nocifensive behaviors were evaluated by measuring spontaneous by CCI-activated WNTs and WNT-binding FZ receptors, while downstream WNT/β-catenin activation regulates the activity of proinflammatory cytokines IL-18 and TNF-α, which may directly contribute to the production and persistence of pain. Our ChIP assay confirms that an anti-β-catenin antibody precipitates chromatin DNA that contains promoter sequences of IL-18 and TNF-α, indicating that β-catenin forms a transcriptional complex with TCF/LEF at the IL-18 and TNF-α promoter regions. However, WNT/β-catenin activation does not regulate IL-1β activity, an important proinflammatory cytokine. Expression of IL-18 and TNF-α in the SC is greatly increased by CCI treatment and by spinal administration of an exogenous WNT agonist. In contrast, IL-1β expression is not altered by the exogenous WNT agonist, though it is increased by CCI. The ChIP assay failed to find a β-catenin transcriptional complex with TCF/LEF at the IL-1β promoter region. These proinflammatory cytokines play an important role in the generation of NP and are known to be upregulated after nerve injury. They also play an important role in several human autoimmune and inflammatory diseases. Thus, blocking WNT/β-catenin signaling may provide a strategy for treating NP through IL-18 and TNF-α inhibition.
Clinical approaches to treating NP, including intractable cancer pain, are very limited, and the specific cellular and molecular mechanisms underlying NP remain elusive. Our findings support the idea that NP-inducing nerve injury and other forms of severe stress such as bone cancer may elicit neuronal alterations that recapitulate events that occur during development. These activated molecules, which are important in axon guidance, synaptic connection, and plasticity during development, become triggers for the development of NP and the neurochemical alterations that accompany it, and are thus potential therapeutic targets for treating NP. Indeed, blocking WNT production and WNT signaling pathways at the spinal level greatly suppresses nerve injury-induced behavioral and neurochemical signs of NP and bone cancer pain. This hypothesis is supported by recent reports that WNT signaling is activated by some forms of stress such as cancer development (36) and SC contusion injury (32) . In addition to WNT signaling, we have recently demonstrated that ephrinB-EphB receptor signaling -another important signaling system in various processes including tissue border formation, cell migration, axon guidance, synaptic connection, and plasticity during the development of the nervous system -is activated following different forms of severe stress including peripheral nerve injury (37-39), bone cancer (22) , and withdrawal of chronic morphine treatment (22, 39, 40) , and contributes to pain and/ or pain enhancement resulting from severe stresses. WNT and ephrinB-EphB signaling interact with each other during the development of the nervous system (10, (41) (42) (43) (44) (45) (46) and certain cancers (47, 48) . The contribution to NP of nerve injury-induced activation of these molecules, which play essential roles during the development of nervous systems, is, we believe, a unique and fundamentally different concept from the numerous hypotheses that focus on alterations and phenotypic switches of the nociceptive transmitters and/or modulators that have already exerted their effects on the pain process in mature nervous systems. We believe our findings may open a new avenue to understanding the cellular and molecular mechanisms of NP, and to exploring new approaches for preventing, minimizing, or completely relieving NP and other forms of severe injury and stress-induced intractable pain such as bone cancer pain.
anti-pCaMKII (Thr 286 , 3361) (1:1,000; Cell Signaling Technology), and anti-GAPDH (1:5,000 to 1:35,000; Sigma-Aldrich). The membranes were then developed by enhanced chemiluminescence reagents (PerkinElmer) with horseradish peroxidase-conjugated secondary antibodies (R&D Systems). Data were analyzed using the Molecular Imager (ChemiDoc XRS; Bio-Rad) and the associated software Quantity One 4.6.5 (Bio-Rad).
Immunohistochemistry. Deeply anesthetized rats were perfused transcardially with 0.9% saline followed by 4% formaldehyde. The L4-L5 SC segments and DRG were removed and post-fixed in 4% formaldehyde overnight. Sections (40-μm) were cut using the Vibratome 1000 Plus (Vibratome). For immunofluorescence staining, free-floating sections were blocked in TBS containing 5% donkey serum or 5% goat serum according to the secondary antibody host species for 2 hours and incubated in the first primary antibody at 4°C overnight. Sections were then washed in 0.05 M Tris-HCl (pH 7.4) (3 times for 5 minutes each), followed by incubation in the secondary antibody at room temperature for 2 hours and then washing. For double staining, the same procedure was performed with the second primary and secondary antibodies. Sections were mounted on slides and covered with 90% glycerin for observation under a confocal microscope (FluoView FV1000; Olympus). The dilution of antibodies used included anti-Wnt3a . For nucleus counterstaining, sections were incubated with 100 μg/ml RNase (Thermo Scientific) for 20 minutes at 37°C, then stained with 300 μl propidium iodide.
To obtain quantitative measurements of GFAP and IBA1 immunofluorescence in the DH, 15-20 fields covering the entire DH in each group, which included 20 SC sections from 4 rats, were evaluated and photographed at the same exposure time to generate the raw data. The average green fluorescence intensity of each pixel was normalized to the background intensity in the same image. These protocols were similar to those described previously (22, 54) . The same methods were used to obtain quantitative measurements of FZ1, FZ8, and β-catenin immunofluorescence in DRG. A total of 24 DRG sections from 6 ganglia (4 sections from each ganglion; L4 and L5 ganglia were taken from each of the 3 rats) were included in each group. In the DH, the number of Fos-like immunoreactive neurons in laminae I-VII was determined by averaging the counts made in 20 SC sections for each group (4 rats). In DRG, numbers of the 3 categories of cells -large-, medium-sized, and small -and the proportions of these cells in each category with immunofluorescence stains of WNT3a, FZ1, and FZ8 or FZ8 nuclear transport, were determined by counting 1,200 cells from 6 ganglia (200 cells from each ganglion; L4 and L5 ganglia were taken from each of the 3 rats) in each group.
ChIP. Under anesthesia, the L4-L5 segments of SC were removed and disrupted using a glass-glass homogenizer in ice-cold PBS with protease inhibitors and phenylmethylsulfonyl fluoride. The dounced SC was filtrated into a tube through a 100-μm cell strainer (Falcon 352360; BD Biosciences) to remove connective tissue. Thirty-seven percent (wt/vol) formaldehyde was then added to the final formaldehyde concentration of 1% to cross-link proteins to DNA for 30 minutes at room temperature. The cross-linking reaction was stopped by the addition of glycine solution to a final concentration of 0.125 M to quench the formaldehyde. The cells were washed 2 times with PBS at 4°C. Subsequently, ChIP assays were performed using a Simple ChIP Enzymatic Chromatin IP kit (Cell Signaling Technology) according to the manufacturer's protocol. Immunoprecipitation was performed using an antibody directed against β-catenin (H-102) (sc-7199; Santa Cruz Biotechnology) guarding and flinching over a 2-minute period of observation. Movement-evoked pain was assessed by measuring the time spent guarding over a 2-minute observation period after non-noxious palpation and limb use during spontaneous ambulation, which was scored on a scale of 0 to 4: 0 = normal use; 1 = slightly limping; 2 = clearly limping; 3 = no use of the limbs (partial); and 4 = no use of the limbs. The protocols were similar to those described previously (22, 51, 52) .
Treadmill test. An Exer-6M Treadmill (Columbus Instruments) was used. The protocols were similar to those described previously (53) . Rats were placed on a moving belt (20 meters per minute with a slope of 10 degrees) facing away from the electrified grid and were induced to run in the direction opposite to the movement of the belt. Thus, to avoid foot shocks with weak electrostimulation (1.0 mA), the rats had to move forward. The total running time and number of shocks the rats received were recorded. To measure the maximum running speed, the belt speed was steadily increased from 20 meters per minute by 1 meter per minute every 10 seconds.
RT-PCR and quantitative RT-PCR. Under deep anesthesia, the L4-L5 SC segments of rats were quickly removed and analyzed. Total RNA was isolated with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was then synthesized using a Thermo Scientific Verso cDNA synthesis kit (ABgene, Thermo Scientific) with oligo(dT)18 primer. Expression of the 19 Wnt genes was analyzed by PCR. The standard conditions were: 95°C for 5 minutes and then 30 cycles at 95°C for 30 seconds, 59°C for 30 seconds, and 72°C for 60 seconds, and a final extension at 72°C for 5 minutes. The extension cycles were changed to 35 cycles for Wnt1 and Wnt9b. The primers used for expression analysis of WNT ligands are listed in Supplemental Table 1 . Quantitative RT-PCR (qRT-PCR) was performed with a DyNAmo Flash SYBR Green qPCR kit (Thermo Scientific). The thermal cycle conditions used to assess the expression of WNT ligands (Wnt1, Wnt2b, Wnt3a, Wnt5b, Wnt8a, and Wnt8b) were: 95°C for 7 minutes; 50 cycles of 95°C for 15 seconds, and 59°C for 60 seconds, with the primers listed in Supplemental Table 1 . The thermal cycle conditions used for detection of the Fz and cytokine genes were: 95°C for 7 minutes; 45 cycles of 95°C for 10 seconds, and 58°C for 45 seconds. The specific primers used for sequence detection are shown in Supplemental Table 2 . Relative mRNA levels were calculated using the 2−ΔΔCT method. Gene expression was first normalized to the housekeeping control gene Gadph, and subsequently, the relative expression of genes of interest was compared with the respective experimental control.
Protein determinations. To quantify temporal changes in protein levels of the Wnts and other signals, Western blot analysis was used. The L4-L5 DRG and/or SC segments were quickly removed from deeply anesthetized rats and stored at -80°C. Sequential precipitation procedures were used on the tissue samples that were lysed in ice-cold (4°C) NP-40 or RIPA lysis buffer containing a cocktail of protease inhibitor, phosphatase inhibitors, and phenylmethylsulfonyl fluoride (Sigma-Aldrich). For the analyses of nuclear β-catenin, nuclear extracts were prepared using an NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology) according to the manufacturer's instructions. Protein concentrations of the lysates were estimated using the bicinchoninic acid (BCA) method (with reagents from Pierce Biotechnology), and the total protein content between samples was equalized. Total proteins were separated by SDS-PAGE and transferred to 0.2 μm nitrocellulose or PVDF membrane (both from Bio-Rad). The following primary antibodies were used: anti-Wnt3a (1:1,000; Millipore), anti-Fz-1 (1:400; Abgent), anti-Fz-8 (1:1,000; Bioworld Technology), anti-β-catenin (1:1,000; BD Biosciences), anti-active β-catenin (clone 8E7) (1:1,000; Millipore), anti-Histone H3 (1:1,000; Abcam), anti-IL-18 (2 μg/ml; Abnova), anti-IL-18R (1:500; Santa Cruz Biotechnology), anti-TNF-α (1:1,000; Millipore), anti-IL-1β (1:500; Santa Cruz Biotechnology), anti-pNR2B (Tyr 1472 ) (1:300; Millipore), anti-pSrc (pY 418 ) (1:1,000; Biosource),
